Site-directed chemical cleavage of lactose permease indicates that helix V is in close proximity to helices VII and VIII. To test this conclusion further, permease containing a biotin-acceptor domain and paired Cys residues at positions 148 (helix V) and 228 (helix VII), 148 and 226 (helix VII), or 148 and 275 (helix VIII) was affinity purified and labeled with a sulfhydryl-specific nitroxide spin label. Spin-spin The lactose (lac) permease ofEscherichia coli is a paradigm for secondary transport proteins that couple the energy stored in an electrochemical ion gradient into a concentration gradient (for reviews, see refs. 1-3). This hydrophobic, polytopic membrane protein that catalyzes the coupled stoichiometric translocation of ,B-galactosides and HI has been solubilized, purified to homogeneity, reconstituted into proteoliposomes, and shown to be solely responsible for s-galactoside transport (for review, see ref. 4) as a monomer (for review, see ref. 5). Based on circular dichroism and hydropathy analysis, a secondarystructure model was proposed (6) in which the permease is composed of 12 a-helical rods that traverse the membrane in zig-zag fashion connected by loops with the N and C termini on the cytoplasmic face (Fig. 1) . Evidence favoring general aspects of the model and showing that the C terminus, as well as the second and third cytoplasmic loops, is on the cytoplasmic face of the membrane has been obtained from various approaches (7), and analysis of a large number of lac permease-alkaline phosphatase (lacY-phoA) fusions has provided unequivocal support for the topological predictions of the 12-helix model (8).
Finally, Cys residues at positions 148 and 228 are crosslinked by dibromobimane, a bifunctional crosslinker that is S5 A long, while no crosslinking is detected between Cys residues at positions 148 and 275 or 148 and 226. The results provide strong support for a structure in which helix V is in close proximity to both helices VII and VIII and is oriented in such a fashion that Cys-148 is closer to helix VII.
The lactose (lac) permease ofEscherichia coli is a paradigm for secondary transport proteins that couple the energy stored in an electrochemical ion gradient into a concentration gradient (for reviews, see refs. [1] [2] [3] . This hydrophobic, polytopic membrane protein that catalyzes the coupled stoichiometric translocation of ,B-galactosides and HI has been solubilized, purified to homogeneity, reconstituted into proteoliposomes, and shown to be solely responsible for s-galactoside transport (for review, see ref. 4 ) as a monomer (for review, see ref. 5 ). Based on circular dichroism and hydropathy analysis, a secondarystructure model was proposed (6) in which the permease is composed of 12 a-helical rods that traverse the membrane in zig-zag fashion connected by loops with the N and C termini on the cytoplasmic face ( Fig. 1) . Evidence favoring general aspects of the model and showing that the C terminus, as well as the second and third cytoplasmic loops, is on the cytoplasmic face of the membrane has been obtained from various approaches (7) , and analysis of a large number of lac permease-alkaline phosphatase (lacY-phoA) fusions has provided unequivocal support for the topological predictions of the 12-helix model (8) .
Site-directed and Cys-scanning mutagenesis have allowed delineation of amino acid residues in the permease that are important for active transport and/or substrate binding (9, 10) . However, structural and dynamic information at high resolution are required to understand the role of these residues in the transport mechanism. Since hydrophobic membrane proteins are notoriously difficult to crystallize, a high-resolution structure of lac permease is not available, and development of alternative methods for obtaining structural information is essential. In this respect, a functional permease molecule has been engineered in which all of the native Cys residues have been replaced (C-less permease), and single-Cys residues have been placed at almost every position in the molecule. In addition to providing evidence that remarkably few amino acid residues are irreplaceable with regard to the transport mechanism, the Cys-replacement mutants represent unique molecules that are being used to study both static and dynamic aspects of permease structure and function (for review, see ref.
11).
Recently, a helix packing model of the C-terminal half of lac permease has been formulated (12) (Fig. 2) . The proximities are based on site-directed excimer fluorescence that provides a strong indication that helix VIII (Glu-269) is close to helix X (His-322), helix IX (Arg-302) is close to helix X (Glu-325), and that helix X is in a-helical conformation (see ref. 13 in addition). Furthermore, the presence of two pairs of charged residues that interact functionally-Asp-237 (helix VII) with Lys-358 (helix XI) (14) (15) (16) (17) and Asp-240 (helix VII) with Lys-319 (helix X) (15, 17, 18) -indicates that helix VII is close to helices X and XI. The proximity relationships have been confirmed by engineering divalent metal-binding sites (bis-or tris-His residues) within the permease (19) (20) (21) . In addition, site-directed chemical cleavage studies support the positioning of helix X next to helices VII and XI and indicate further that helix V is in close proximity to helices VII and VIII (22 228. The findings strongly support and extend conclusions from site-directed chemical cleavage indicating that helix V lies close to helices VII and VIII within the folded tertiary structure of lac permease.
MATERIALS AND METHODS
Construction of Double-Cys Mutants. Double-Cys mutants were constructed by restriction fragment replacement of single-Cys mutants Cys-148 (helix V), S226C § (helix VII), Y228C (helix VII), and I275C (helix VIII) in a cassette version of the lacY gene containing unique restriction sites about every 100 bp (European Molecular Biology Laboratory accession no. X56095) that encodes C-less permease (29) . Mutations were verified by sequencing the length of the inserted restriction fragment through the ligation junctions in double-stranded plasmid DNA using dideoxynucleotide termination (30) after alkaline denaturation (31) . In addition, a biotin-acceptor domain with a factor Xa protease site at the N terminus was inserted into the middle cytoplasmic loop of the permease to facilitate purification (32) .
Labeling of Purified Double-Cys Permease with 2-(4'-Maleimidylanilino)naphthalene-6-sulfonic Acid (MIANS). Given double-Cys permeases were purified as described (33) . To determine the rate of reaction with MIANS, purified protein (40 ,ug/ml) was preincubated without or with 10 mM ,B-D-galactopyranosyl 1-thio-13-D-galactopyranoside (TDG) in an assay buffer containing 50 mM KP; (pH 7.4), 150 mM NaCl, 0.02% dodecyl ,B-D-maltopyranoside (DM) for 5 min at 30°C. The reaction was initiated by adding MIANS (Molecular Probes) to a final concentration 4 ,uM from a 1.0 mM stock solution dissolved in methanol, and fluorescence was monitored continuously at an emission wavelength of 418 nm (excitation, 330 nm) with an SLM Aminco (Urbana, IL) model 8000C spectrofluorometer.
Preparation of Purified Spin-Labeled Permease. Permease with given double-Cys residues and the biotin-acceptor domain in the middle cytoplasmic loop was expressed in E. coli T184 (Y-Z-). Cells were grown at 37°C in Luria-Bertani broth with streptomycin (10 jig/ml) and ampicillin (100 jig/ml), and 0.5 mM isopropyl 13-D-thiogalactoside was added at an OD600 of 1.2. After 2 h, cells were harvested by centrifugation, crude membrane fractions were prepared (4) and solubilized with 2.0% DM by incubation at 30°C for 30 min with continuous stirring. Solubilized biotinylated lac permease was bound to immobilized monovalent avidin as described (33) . After removing unbound material by washing with column buffer (50 mM KPi, pH 7.4/150 mM NaCl/0.02% DM), bound permease was spin-labeled by incubating with 100 ,uM proxylmethanethiosulfonate (Reanal, Budapest) in column buffer for 4 h at 4°C, followed by washing the column with column buffer to remove excess spin label. Spin-labeled permease was finally eluted with 10 mM biotin in column buffer and concentrated to -40-50 ,uM using a ProDicon (Spectrum Laboratories, Houston). The purity of each preparation was ascertained by SDS/12% polyacrylamide gel, followed by silver staining (34) . Protein was determined as described (35) with bovine serum albumin as standard.
To prepare proteoliposomes, spin-labeled permease (100 jig/ml) in column buffer was mixed with 1.25% octyl-glucoside (final concentration) and liposomes prepared from 1-palmitoyl-2-oleoyl phosphatidylethanolamine and 1-palmitoyl-2-oleoyl phosphatidyl-glycerol (3:1 mol/mol); the lipid/protein ratio was adjusted to 20:1 (wt/wt). After incubating at 4°C for 15 min, the mixture was rapidly diluted into 40 vol of 50 mM KPi (pH 7.4) as described (4). Proteoliposomes were harvested by centrifugation (150,000 x g), washed twice with 50 mM KP1 (pH 7.4), and resuspended in the same buffer followed by two cycles of freeze-thaw/sonication. The protein concentration was adjusted to about 40 ,uM. EPR Measurements. EPR measurements were carried out in a Varian E-109 X-band spectrometer fitted with a loop-gap resonator (36, 37) . Permease samples of 10 ,lI at a final concentration of 40-50 ,uM were placed in a sealed quartz capillary contained in the resonator. Room temperature spectra (20-22°C) were collected by signal averaging 3-5 scans over 100 G (1 G = 0.1 mT) using of modulation amplitude of 2.5 G and microwave power of 2 mW. Spectra of samples at low temperature (183 K) were collected using a microwave power of 0.05 mW and a modulation amplitude of 5 G.
Estimation of Interspin Distance in Spin-Labeled DoubleCys Permease. To analyze dipolar interactions between spin labels in the absence of dynamic effects, spectra were collected in the frozen state. For an isotropic distribution of interspin vectors at distances between 8-25 A, the effect is a general broadening of the resonance lines, and the degree of broadening can be used to estimate interspin distance. A computer fitting procedure (25) was used for this purpose. §Site-directed mutants are designated as follows. The one-letter amino acid code is used followed by a number indicating the position of the residue in wild-type lac permease. The sequence is followed by a second letter denoting the amino acid replacement at this position. 10124 
Chemical Crosslinking. Membranes were prepared from E. coli T184 expressing a given double-Cys permease containing the biotin-acceptor domain with a factor Xa protease site in the middle cytoplasmic loop as described (32) and digested with factor Xa protease (1 ,ug of factor Xa protease/mg membrane protein) at 37°C for 4 h. The membranes were then harvested by centrifugation at 100,000 x g, washed twice with 50 mM Tris Cl (pH 7.4)/50 mM NaCl and resuspended in the same buffer. Crosslinking was carried out at room temperature by adding DBB to a final concentration of 1 mM. After 30-min incubation, reactions were quenched with SDS sample buffer containing 10 mM 2-mercaptoethanol. Samples were subjected to SDS/12% polyacrylamide gels, followed by immunobloting with anti-C-terminal antibody against the permease (38) .
RESULTS
Functional Characterization of Double-Cys Mutants. Cys-148, S226C, Y228C, or I275C permease catalyzes lactose concentration against a concentration gradient at a highly significant rate (39, 40) . Cys-148/S226C, Cys-148/Y228C, and Cys-148/1275C also exhibit activities comparable to C-less permease (data not shown). Moreover, with each purified double-Cys permease in DM, TDG decreases the rate of reactivity with MIANS by about 50% (Fig. 3) . Since the reactivity of single-Cys-148 permease with MIANS is completely blocked by TDG (33), 50% protection with permease containing Cys residues at position 148 and 226, 228, or 275 indicates that Cys-148 is blocked, while the reactivity of the Cys residues at the other positions is unaffected.
SDSL of Cys-148/1275C Permease. The line shape of the EPR spectrum at room temperature with purified, spinlabeled Cys-148/1275C permease in DM indicates that the nitroxides at both positions are immobilized (Fig. 4A) , which is consistent with the assignment of positions 148 and 275 to contact surfaces of transmembrane helices V and VIII (Fig. 1) .
If the two spin labels are within a distance of 25 A, it should be possible to detect spin-spin interactions as reflected by broadening of the lineshape in the EPR spectrum (41) dipolar interaction between the nitroxides attached at positions 148 and 275 may be in part responsible for the breadth of the spectrum shown in Fig. 4A . To evaluate broadening due to a static dipolar interaction only, quantitative analysis of the interaction in terms of interspin distance was carried out in the absence of motion by collecting spectra in the frozen state (183 K; Fig. 5 ). An estimate of the extent of broadening due to dipolar interaction is obtained from the line height ratio dl/d (26) (Fig. 5A) . In Biochemistry: Wu et aL Proc. Natl. Acad. Sci. USA 93 (1996) distance-dependent dipolar broadening of the lineshape, produced best fits with average approximate distances in the range of 14-16 A (Fig. 5A) .
SDSL of Cys-148/Y228C Permease. Since Tyr-228 (helix VII) is presumably at the same level in the membrane as Cys-148 (Fig. 1 ) and faces helix V (Fig. 2) , mutant Cys-148/ Y228C was constructed. The lineshape of the spectrum of the spin-labeled mutant at room temperature is shown in Fig. 4B . The lineshape of the frozen-state spectrum indicates a substantial dipolar interaction (d1/d = 0.53) (Fig. SB) . Computer fitting of the 148/228 frozen spectrum yields an interspin distance in the range of 13-15 A. Due to the broadness of the 148/228 spectrum, data were also collected over 160 G and analyzed by computer fitting (Fig. 5C) , which also yields an interspin distance of 13-15 A.
SDSL of Cys-148/S226C Permease. Ser-226 is presumably on the opposite face of helix VII from Tyr-228 (Fig. 2) . The room temperature spectrum of spin-labeled Cys-148/S226C permease is strongly immobilized (Fig. 4C , which is consistent with both nitroxides being at buried sites in the protein. The frozenstate spectrum (Fig. SD) of this pair displays no dipolar broadening (d1/d = 0.39), and computer fitting of the frozen-state spectrum (25) yields an average interspin distance of >23 A.
Crosslinking of Double-Cys Permeases. Each double-Cys mutant described contains a biotin-acceptor domain with a factor Xa protease site at the N terminus in the middle cytoplasmic loop. Therefore, digestion with factor Xa dissects the permease into two fragments with helix V and helices VII and VIII in the N-and C-terminal portions, respectively (45) . After digestion of membranes containing Cys-148/Y228C permease with factor Xa protease, a fragment that reacts with anti-C-terminal antibody is evident in relatively high yield at a molecular mass of =30 kDa (Fig. 6, lane 2) . In contrast, when Crosslinking of Cys-148/Y228C permease. Membranes were prepared from E. coli T184 expressing Cys-148/Y228C permease and treated with factor Xa protease (fXa) as described. After washing the membranes twice with 50 mM Tris Cl (pH 7.4) and 50 mM NaCl, crosslinking was carried out at room temperature for 30 min with 1 mM DBB in the absence or presence of 10 mM TDG, as indicated. Reactions were terminated by adding sample buffer containing 10 mM 2-mercaptoethanol. Samples containing approximately 20,g of membrane protein were subjected to SDS/PAGE, electroblotted, and the blot was incubated with anti-C-terminal antibody, followed by incubation with horseradish peroxidase-conjugated protein A (Amersham). The blot was developed with chemiluminescent substrate (Renaissance; New England Nuclear) and exposed to x-ray film. Lane 1, membranes without fXa treatment; lane 2, membranes treated with fXa; lane 3, membranes treated with fXa followed by incubation with DBB; lane 4, membranes treated with fXa followed by incubation with DBB in the presence of 10 mM TDG. the mutant is proteolyzed with factor Xa protease and then treated with DBB, a bifunctional sulfhydryl-specific crosslinker, the amount of the 30-kDa fragment is clearly reduced (lane 3). Importantly, when TDG is added before DBB, no crosslinking is evident (lane 4), which is consistent with the ability of the ligand to block reactivity of Cys-148 (33, 46) . In contrast, no crosslinking is observed with either Cys-148/S226C or Cys-148/1275C permease (data not shown).
DISCUSSION
Based on previous site-directed chemical cleavage studies indicating that helix V is in close proximity to helices VII and VIII (22) (12) , although many observations demonstrate that the permease retains near native structure in this detergent (19-21, 33, 42-44) . Analysis in the frozen state provides more definitive evidence for spin-spin interactions and confirms the argument that position 148 in helix V is close to position 228 in helix VII (13) (14) (15) A) and position 275 in helix VIII (14-16 A). The frozen state spectra also exhibit little or no spin-spin interaction between positions 148 and 226, which is consistent with the placement of position 226 on the opposite face of helix VII from position 228 (Fig. 2) . Finally, data are presented demonstrating that the bifunctional thiol reagent DBB, which is -5 A in length, effectively crosslinks Cys residues at positions 148 and 228, but not at positions 148 and 275 or 226. Taken together, the data provide strong support for a structure in which helix V is in close proximity to both helices VII and VIII and oriented so that Cys-148 is closer to helix VII than to helix VIII.
The positioning of helix V next to helices VII and VIII in the tertiary structure of lac permease has important implications, both structurally and functionally. Cys-148 is clearly a component of a substrate binding site, interacting weakly and hydrophobically with the galactosyl moiety of the substrate (33, 47) , and the data presented here position Cys-148 in the interface between helices V, VII, and VIII. Cys-scanning mutagenesis of helix VII (40) demonstrates that the Nmethylmaleimide (NEM)-sensitive Cys-replacement mutants Y236C, F243C, A244C, and F247C lie on the same relatively hydrophilic face as Asp-237 and Asp-240 that interact with Lys-358 (helix XI) and Lys-319 (helix X), respectively (14-16, 18, 20) . In addition, NEM inactivation studies with each Cys-replacement mutant in helix VIII show that the NEMsensitive mutants cluster on the face that opposes helices VII and X (Fig. 2) 
